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Abstract 
In this work we report on successful direct contacting of high sheet resistance (RSH) emitter at 100 Ω/sq by emitter 
profile manipulation. The formation of lightly doped emitter via POCl3 diffusion was investigated and optimized by 
the variation of temperature, time and gas fluxes. Sheet resistance mapping and emitter profile analysis have been 
done by four-point-probe and Electrochemical Capacitance Voltage (ECV) measurements. By increasing the depth of 
the n++ layer and at the same time reducing the peak concentration of inactive phosphorous doping, an efficiency gain 
of up to 0.7% absolute was achieved for multicrystalline silicon (mc-Si) solar cells. Suns-VOC measurements show an 
even higher gain of up to 1% absolute. In this work five different silver pastes are analysed accompanied by three 
different simulated grid designs. Electroluminescence imaging technique was used to characterize the spatially-
resolved electrical properties of the solar cells. Based on these investigations we evaluated a 160 Ω/sq emitter and 
could demonstrate by laser doping that the minimum n++ layer depth for high fill factors is approx. 25 nm leading to 
0.4%abs efficiency gain. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
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1. Introduction 
Contacting of homogeneous high sheet resistance emitter with the conventional screen printing appears 
as attractive solution but poses still some challenges for industry. Apart from forming the p-n junction, 
emitters in silicon solar cells should have a high lateral conductivity, low series resistance and low Auger 
recombination. In addition high fill factors because of excellent ohmic contacts with the screen printed 
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front side metallization are expected. Whereas for a good contact formation high doping concentrations 
are required, suppression of recombination is achieved rather at low concentration. Thus selective emitters 
were and still are an attractive concept. Ebong et al. have performed investigations on contact formation 
on high sheet resistance emitter and found a large variation in cell performance because of the high 
fluctuations in series resistance, which often dominates the fill factor [1, 2]. Emitter performance 
improvement investigations based on Secondary ions mass spectrometry (SIMS) measurements have been 
done by Komatsu et al. [3, 4].   
The work presented in this paper concentrates on the optimization of a lightly doped POCl3 emitter by 
variation of process parameters like temperature, time, oxygen and POCl3 gas flux allowing a direct 
contact by conventional screen printing method. Following these analyses a 160 Ω/sq emitter has been 
evaluated and successfully used for laser doped selective emitter solar cells.   
2. Experimental 
The samples used for the present studies were textured p-type (1 Ωcm) mc-Si wafers with an area of 
156.25 cm2 and a thickness of 200 μm. After the lowly doped emitter formation via POCl3 diffusion 
resulting in an emitter with a RSH of approx. 100 Ω/sq and after the phosphosilicate glass (PSG) removal, 
the wafers were characterized by four-point-probe and ECV measurements. For the investigations of the 
saturation current density (J0e) the wafers were passivated on both sides by the deposition of a silicon 
nitride (a:SiNx:H) anti-reflection coating using a plasma enhanced chemical vapour deposition (PECVD) 
process. Finally effective carrier lifetimes were measured using the quasi-steady-state photoconductance 
(QssPC) tool and J0e values were calculated at high-injection level as proposed by Cuevas and Sinton [5]. 
Following these investigations, six groups of homogeneous high sheet resistance emitter and five groups 
of laser doped selective emitter solar cells (base RSH = 160 Ω/sq) with five different pastes and standard 
screen-printing of front and back contacts were fabricated. The laser doping has been done directly after 
the emitter diffusion by a Nd:YAG laser having a wavelength λ = 532 nm and 40 ns pulse duration 
leading to RSH = 90 Ω/sq. 
3. Results and discussion 
3.1. POCl3-emitter improvement  
At first, the influence of different process parameters involved in the POCl3 process, like temperature, 
time, oxygen flux in different phases and POCl3 flux on the sheet resistance and the electrically active 
phosphorous concentration profiles are investigated. In fig. 1 (left) the n++ region of three different ECV 
profiles of furnace diffused emitters are presented. By decreasing the temperature and at the same time 
increasing the process duration slightly we see an increment in the depth of the n++ layer. The emitter 
quality is optimized by increasing the oxygen flux during the drive-in phase of the POCl3 process. High 
oxygen flux leads apparently to a decrease of the electrically inactive phosphorus layer (“dead layer”) 
which drops the Auger recombination (fig. 1 right). J0e values reach at 800 sccm a minimum, whereby 
RSH stays constant at ~ 105 Ω/sq. In addition no further influence of the oxygen flux on the electrically 
active phosphorus concentration profiles could be observed. 
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Fig. 1. n++ region of ECV profiles of furnace diffused POCl3 emitters at different temperatures and process durations (left). 
J0e values obtained from QssPC lifetime measurements for different oxygen fluxes during the drive-in phase (right) 
The POCl3 flux, however, has a significant influence on the ECV-profiles and also on RSH as 
demonstrated in fig. 2.  There phosphorus distributions are shown for different POCl3 fluxes. At 
300-400 sccm RSH stays constant at 64 Ω/sq, by reducing the POCl3 flux the infinite phosphorus source 
changes to a finite source whereby RSH increases rapidly and reaches at 100 sccm values around 220 Ω/sq. 
Due to RSH the phosphorus surface concentration decreases and ends at concentrations under 1020 cm-3. 
By increasing the POCl3 flux up to the maximum value of 500 sccm RSH decreases slightly and at the 
same time the n++ layer increases. J0e values show that the reduction of the POCl3 flux leads also to a 
decrease of the dead layer and to a higher emitter quality.  
 
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1016
1017
1018
1019
1020
1021
300 350 400 450 500
230
240
250
260
270
280
290
300
A
ve
ra
ge
 sh
ee
t r
es
is
ta
nc
e 
[O
hm
/s
q]
 J0e
  RSH
J 0
e [
fA
/c
m
2 ]
Oxygen [sccm]
40
45
50
55
60
65
70
75
80
depth [μm]
ph
os
ph
or
us
 c
on
ce
nt
ra
tio
n 
[c
m
-3
]
 100sccm - 220 Ohm/sq
 200sccm - 98 Ohm/sq
 250sccm - 89 Ohm/sq
 300sccm - 64 Ohm/sq
 350sccm - 64 Ohm/sq
 400sccm - 62 Ohm/sq
 500sccm - 58 Ohm/sq
0.00 0.05 0.10 0.15 0.20 0.25
1016
1017
1018
1019
1020
1021
100
98
100102
104
94
96
98
100
102
104
109
RSH
sheet resistance mapping
 100 Ohm/sq optimized
 100 Ohm/sq reference
 160 Ohm/sq
 60 Ohm/sq
 
ph
os
ph
or
us
 c
on
ce
nt
ra
tio
n 
[c
m
-3
]
depth [μm]
optimized
100 :sq 
n++ layer
 
Fig. 2. ECV profiles of furnace diffused POCl3 emitters at different POCl3 fluxes (left). The inset image shows J0e values obtained 
from QssPC lifetime measurements for three different POCl3 fluxes. ECV profiles of furnace diffused POCl3 emitters with different 
RSH. The inset image shows a sheet resistance mapping of the optimized 100 Ω/sq emitter (right) 
In summary, by combining a low process temperature, slightly higher process duration, high oxygen 
flux during the drive-in phase and a POCl3 in the range of 400-500 sccm an optimized high ohmic emitter 
with RSH ~ 100 Ω/sq can be achieved. In fig. 2 (right) the ECV profiles of a reference 100 Ω/sq emitter, 
the optimized 100 Ω/sq emitter and a standard 60 Ω/sq emitter are compared. The peak concentration is 
for all sheet resistance regimes similar, but the n++ layer depth, the part of the profile over 1020 cm-3, 
differs significantly. The standard 60 Ω/sq emitter has a n++ layer depth of around 34 nm leading to high 
fill factors over 77%. On the contrary in the 100 Ω/sq reference emitter the n++ layer depth is reduced to 
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16 nm, that is apparently the reason of contact formation problems. By optimizing the POCl3 process we 
could create a 100 Ω/sq emitter with an increased n++ layer depth of 25 nm. The inset image shows the 
sheet resistance mapping of a wafer with optimized 100 Ω/sq emitter.  
3.2. Laser-doped emitter and solar cell results 
Based on these analyses we evaluate also a 160 Ω/sq emitter and investigate a laser-doped selective 
emitter with a n++ layer depth and RSH similar to that of the optimized 100 Ω/sq emitter. In fig. 3 (left) 
three ECV-profiles of the optimized 100 Ω/sq emitter, the evaluated 160 Ω/sq emitter and the laser-doped 
emitter with a pulse energy density of EP = 1.41 J/cm2 are demonstrated. The details about our laser 
doping process can be found in [6]. The influence of the n++ layer depth is demonstrated by comparing 
solar cells fabricated with homogeneous 160 Ω/sq emitter and non-optimized 100 Ω/sq emitter. An n++ 
layer depth of 12 nm in case of 160 Ω/sq emitter and 16 nm in case of 100 Ω/sq emitter result in a FF of 
65% and 75%, respectively. This clearly proves the need of an increase of the n++ layer depth for higher 
fill factors. By analysing the ECV profiles in fig 3 (left) we can see that the phosphorus amount in the n++ 
layer of the laser doped emitter is still lower than the optimized 100 Ω/sq emitter. That is why we expect 
lower FF at laser doped selective emitter solar cells in comparison to the optimized high ohmic solar 
cells. Fig 3 (right) shows internal quantum efficiency measurements in the range of 300 and 1200 nm for 
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Fig. 3. ECV profiles of furnace diffused and laser-doped selective emitters (left). Comparison of the IQE for the screen printed 
reference, the optimized 100 Ω/sq and the laser-doped selective emitter cells (right) 
representative cells at each sheet resistance. As the sheet resistance rises IQE increases due to the better 
blue response, which agrees with theory. In table 1 the results of the I-V measurements of optimized 
homogeneous 100 Ω/sq emitter (HE) solar cells and laser-doped selective emitter (LDSE) solar cells 
fabricated by different silver pastes are compared. In comparison to the 55 Ω/sq emitter we achieve 
similar RS and high FF, which on one hand confirms our thesis about the minimum n++ layer depth of 
25nm and on the other hand leads for all pastes to higher efficiencies. The direct contacting of high sheet 
resistance emitter using paste E leads to an improvement of blue response and an increase of VOC and JSC 
resulting in 0.7% absolute efficiency gain. In case of LDSE we achieve 0.4%abs efficiency gain using 
paste E as well as paste C. The lower VOC and JSC values originate from the large width of laser doped 
lines (600 μm) to avoid any screen printing misalignment, that increases significantly Auger 
recombination and the saturation current density values. In agreement to the n++ layer analysis in fig. 3 
LDSE solar cells feature lower FF in comparison to the HE solar cells.  
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Table 1. Parameters of the illuminated I-V measurements of mc-Si solar cells with five different silver pastes, showing efficiency 
gain of 0.7% absolute for HE and 0.4% for LDSE. Each group has been calibrated with a calibrated cell of this group (calibrated 
cells: HE 55 Ω/sq , HE 100 Ω/sq and LD 160 Ω/sq).  
 
Cell type Voc  
(mV) 
Jsc  
(mA/cm2) 
FF  
(%) 
K  
(%) 
Rs 
(Ωcm2) 
p-FF 
 (%) 
p-K   
(%) 
Ref. 55 Ω/sq  613.5±3.9 33.0±0.5 77.4±0.5 15.7±0.3 0.4 80.8 16.5 
    Paste A 
    Paste B 
    Paste C 
    Paste D 
    Paste E 
619.6±2.3 
621.9±3.0 
622.4±0.1 
620.4±2.3 
622.9±1.8 
33.7±0.1 
34.3±0.2 
34.1±0.1 
34.0±0.2 
33.9±0.2 
76.8±0.2 
76.4±0.2 
76.6±0.4 
76.8±0.2 
77.5±0.2 
16.1±0.1 
16.3±0.1 
16.3±0.1 
16.2±0.1 
16.4±0.1 
0.5 
0.5 
0.5 
0.5 
0.4 
82.1 
81.9 
80.9 
81.1 
82.1 
17.1 
17.5 
17.3 
17.2 
17.5 
    Paste A 
    Paste B 
    Paste C 
    Paste D 
    Paste E 
618.1±3.5 
621.7±0.9 
619.5±3.8 
616.8±5.5 
622.2±3.6 
33.4±0.2 
33.9±0.1 
34.2±0.5 
33.3±0.1 
33.5±0.2 
76.4±0.2 
76.2±0.6 
76.7±0.3 
75.9±0.4 
76.9±0.2 
15.8±0.4 
16.0±0.1 
16.1±0.1 
15.6±0.2 
16.1±0.0 
0.5 
0.4 
0.4 
0.7 
0.3 
80.6 
80.1 
80.3 
79.7 
80.3 
17.0 
17.1 
17.2 
16.5 
17.0 
 
For certification and calibration characteristic cells from each group have been sent to Fraunhofer ISE 
CalLab. Table 2 presents the calibrated I-V-results and shows surprisingly an even higher absolute 
efficiency gain of up to 1% for HE and 0.6% for LDSE solar cells.  
 
Table 2. Calibrated I-V-measurements by Fraunhofer ISE CalLab, showing efficiency gain of 1% absolute for HE and 0.6% for 
LDSE.  
Cell type Voc  
(mV) 
Jsc  
(mA/cm2) 
FF  
(%) 
K  
(%) 
Ref. 55 Ω/sq  
HE 100 Ω/sq (Paste E) 
LDSE 160 Ω/sq (Paste E) 
610.9±1.8 
622.7±1.9 
615.1±1.8 
33.5±0.1 
34.4±0.1 
34.8±0.1 
77.2±0.5 
78.1±0.5 
76.3±0.5 
15.7±0.3 
16.7±0.3 
16.3±0.3 
 
In fig. 4 Electroluminescence (EL) images of a reference 55 Ω/sq emitter solar cell (a), a HE 100 Ω/sq 
emitter solar cell (b) and a LDSE solar cell with laser doped lines perpendicular to the metal fingers are 
demonstrated. To highlight the effect of series resistance the EL images were taken at high currents (9A). 
The contact formation in the optimized high sheet resistance emitter (b) is very homogeneous and similar  
 
 
Fig. 4.Electroluminescence images of a) reference solar cell (55 Ω/sq emitter), b) HE solar cell (100 Ω/sq emitter) and c) LDSE 
solar cell with laser doped lines perpendicular to the metal fingers. 
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to the reference standard emitter (a). By printing the metal fingers perpendicular to the laser doped lines 
the effect of laser doping can be visualized. In fig. 4 (c) the intersection points appear bright indicating a 
low series resistance in that point. Because of that the EL image of this cell resembles a chess pattern. 
 
4. Conclusion 
In this work we presented a characterization of POCl3 parameters influencing the electrically active 
phosphorus concentration profiles by electrochemical capacity voltage measurements. We could 
demonstrate a successful direct contacting of an optimized high sheet resistance emitter at 100 Ω/sq by 
increasing the n++ layer and at the same time reducing the dead layer. Multicrystalline silicon solar cells 
were fabricated using five different Ag pastes resulting in an absolute efficiency gain of Δη = 1% in 
comparison to a standard 55 Ω/sq emitter. Based on these investigations we evaluated a 160 Ω/sq and 
could successfully demonstrate by laser doping that n++ layer depth of up to 25 nm leads to high FF and 
an absolute efficiency gain of Δη > 0.6%.  
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